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FOREWORD 

This report, comparing mathematicai models for plume r i s ~  and dispersion 

to field measurements of plume rise and dispersion at the Morgantown power 

plant, was prepared for the Maryland Power Plant Siting hogram, Department 

of Natural Resources, by the Environmental Center, Martin M~rietta Corporation 

under Contract Numher 1-72-02(79). 

The data used in this report were ohtained by: 

Engineering Test Services 
P. 0. ROX 11 
Sandston, Virginia 231 50 

Environmental Measurements, Incarporated 
1445 Old Annapolis Road 
Arnold, Maryland 21012 

Lidar Appl ications Rranch 
National Aeronautics and Space Administration 
Langley Research Center 
Hampton, Virginia 23665 
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. # , T NOMgNCLATURE - 
i i .  : 
, I  / . . ,  : . . 

j i  r 

.; i 
. . > :  

c Ground-level SO2 c o n c e n t r a t i o n  (ppb) 

-, : . , - ,  
. . 

%ax Maximum p r e d i c t e d   round-level SO2 c o n c e n t r a t i o n  (ppb) 
? 

C~ 
Spec i f  i c  h e a t  o f  a i r  a t  c o n s t a n t  p r e s s u r e  ( k c a l / k d ° K )  

1 Mean of  maximum SO2 c o n c e n t r a t i o n s  from individual crosswtnd  p r o f i l e s  
i n  a  s e t  o f  r epea t ed  ~ r o f  i l e s  on one measurement r o u t e  (ppb) 

2 Maximum SO2 c o n c e n t r a t i o n  from ave rage  crosswind p r o f i l e  (ppb) 

F Ruoyancy f l u x ;  

7 
R G r a v i t a t i o n a l  a c c e l e r a t i o n  (m/ sech )  

h Height  above ground (m) 

he E f  f e e t  i v e  s t a c k  h e i g h t  (m) 

hs Phys i ca l  s t a c k  h e i g h t  (m) 

Hm Height  of mixing l a y e r  (m) 

a Buoyancy l e n g t h  s c a l e ;  Equat ion  ( 2 )  !m) 

m 
Y 

S tandard  d e v i a t i o n  of rlume c e n t e r l i n e  crosswind p o s i t i o n  about  
i t s  t ime mean p o s i t i o n  (m) 

4 
2 3 S e n s i b l e  upward h e a t  f l u x .  Qo, ttmes e / (pcpT)  (m / s e e  ) 

2 
QO 

S e n s i b l e  upward h e a t  f l u x  from ground (kcal/nl /set) 

r Local  e f f e c t i v e  plume r a d i u s  (m) 

S 
Y 

Crosswind s t anda rd  d e v i a t i o n  of i n s t a r ~ t a n e o u s  plume (m) 

SR S c a t t e r i n g  r a t i o ;  h a c k s c a t t e r e d  l i g h t  i n t e n s i t y  i n  presence  of  plume 
d i v i d e d  by h a c k s c a t t e r e d  l i g h t  i n t e n s i t y  i n  plume's absence  (dimension- 
less) 

t~ Lagrangtan i n t e g r a l  t ime s c a l e  ( s e e )  

T Temperature ( OK) 

Ti Stack  e x i t  t empera ture  (OK) 
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Ambient air temperature at stack height ("K) 

Friction velocity (mfsec) 

Piean wind apeed (mfsec) 

3 Volume flux at stack exit (m /set) 

Average downdraft velocity in convective mixing lbyer; 
Equation (12) (m/sec) 

Convective velocity scale; Equal m (14) (m/sec) 

Distance from stack (m) 

Distance from stack to predicted maximum concentration (m) 

Distance Frcm stack where entrainment rate changes; 
Equations 4 and 7 (m) 

Downwind distance; Equation (15) (dimensionless) 

Crosswind distance (m) 

Plume rise above stack (m) 

Entrainment parameter in plume rise formula (dimensionless) 

Ratio of mean crosswind standard deviation, <a >, from instan- 
taneous plume prof i ;- to local plume rise z (dxmensionless) 

Ratio of vertical standard deviation U, from ad:rage plume 
profiie to local plume rise z (dimt~nsionless) 

Exponent of' distance in vertical dispersion formula; 
Equation (21) (dimensionless) 

Final plume rise (m) 

2 3 Turbulent energy dissipation rate (m /sec ) 

Distance along line of sight of remote sensing instrument (m) 

von Karman constant (~0.4, dimensionless) 

Density (kg/m3) 

Crosswind plume standard deviation (m) 

Average of individual mea~ured crosswird standard deviations from a 
series n f  repeated plume profiles (m) 

Vertical plume standard deviation (m) 
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<a,> Average of individual measured vert ical  standard deviations from a 
ser ies  of repeated plume profi les  (m) 

Subscripts 

f Designates value for dfstance where f inal  r i s e  occurs 

meas Measured variahle 

pred Predicted variabl? 
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- 
- -. 

I. INTRODUCTION 
- 

Accurate p red ic t ions  of plume rise and d i spe rs ion  a r e  necessary t o  esti- 

mate ground-level &mcent ra t ions  of t a l l  s t a c k  e f f l u e n t s .  Despi te  much work 

i n  developing p red i  ctive--.'tar!els f o r  plume r i s e  and spread,  t h e r e  remain a - 
. - 

number of problems of .p$ctical'.importance. One is e s t t m a t i n g  t h e  e f f e c t  on -. 
. . 

plume r i s e  when e f  ~ l u e n t s  a r e  r e leased  from two nearby s t a c l s .  I f  plumes from 
/ 

two nearby s t a c k s  combin+.'they may r i s e  h igher  than e i t h e r  plume r i s i n g  indi-  
- .- 

vf dua l ly  and may lower e e  aax<+n ground-level concentra t  ion f o r  the  two 

s t a c k s .  A second problem is  choosing t h e  appropr ia te  formula, o r  formulas, 

(from the  many a v a i l a b l e ,  s e e  Briggs,  1969) f o r  p red ic t ing  f i n a l  rise i n  
- 

n e u t r a l  o r  convective a t&spher ic  cona i t ions .  Although maximum ground-level 

concen t ra t ions  of t a l l  s t a c k  e f f l u e n t s  i n  l e v e l  t e r r a i n  occur dur ing these  

atmospheric cond i t ions ,  t h e r e  hps been a lack of good obse rva t ions  of f i n a l  
- - 

r i s e  f o r  these  important n e u t r a l  and convective condi t ions .  A t h i r d  problem 

is the  l ack  of genera l ized formulas f o r  p red ic t ing  plume spread parameters 

(e.g., u and uz i n  the  Gaussian plume model) i n  terms of s t a c k  e x i t  
Y 

c o n d i t i o n s ,  meteorological  v a r f a b l e s ,  and downwind d i s t ance .  Generalized 

formulas and t h e i r  v e r i f i c a t i o n  by f i e l d  d a t a  a r e  needed t o  improve our  under- 

s t and ing  of plume spread and t o  improve upon the  accuracy of e x i s t i n g  empi r i ca l  

formulas f o r  spread. 

This r e p o r t  addresses  these  t h r e e  problems. P red ic t ions  from plume r i s e  

and d i spe rs ion  models a r e  compared t o  measurements obtained i n  a r ecen t  f i e l d  

experiment sponsored jo in t ly  by the  Maryland Power P lan t  S i t i n g  Program and t h e  

Nat ional  Aeronautics and Space Administrat ion (NASA). The plume rise s tudy 

inc ludes  a determinat ion of plume r i s e  enhancement, when two nearby s t a c k s  were 

opera t ing ,  i n  l i g h t  of a well-known formula f o r  the  i n i t i a l  r i s e  of s i n g l e  

P ~ e d i o g  page blank Martin Marietta Environmental Center 



stack plumes and a test of formulas for final rise during neutral and convec- 

tive conditions. The plume dispersion investigation tests the applicability 

of free convection scaling (Willis and Deardorff, 1978; Lamb, 1978a. 1978b) to 

buoyant stack plumes dispersing in convective mixing layers. 

The investigations in this report required reliable measurements of the 

rise and three-dimensional dispersion of buoyant stack pluncs. These measure- 

ments were obtained with a remote sensing lidar that detects am5ient aerosols. 

The main advantage of a lidar is its ability to make aercsol measurements remote- 

ly and at a high resolution in space and time. It has been assumed, as is cus- 

tomarily done (Bamilton, 1967; Johnson and Uthe, lWl), that the plume aerosols 

were small enough to be dispersed with the stack gases and act as a tracer. 

The field work was conducted at the Morgantown power plant during four 

lreek periods in September and Octoher 1976, all during nearly neutral or 

convective atmospheric conditions. In addition to lidar measurements, the 

field program included measurements of ground-level SO2 and vertically inte- 

grated SO2 concentrations, both from a mobile van, meteorolog. a1 conditions, 

and stack emission characteristics. The lidar data were taken by the 3idar 

Applications Branch of the NASA Langley Research Center and its subcontrac- 

tors -- Old Dominion University, Physics and Geophysical Sciences Department, 
and Wyle Laboratories. The SO2 concentrations and meteorological conditions 

were measured by Environmental Measurements, Incorporated, and the stack test 

data by Engineering Test Services. 

In Section 11, the experimental program is described, and plume geometry 

obtained from the lidar data is compared to that from the SO2 measurements. 
. , 
i k  The plume rise studies are presented in Section 111, and the applicability of 

. - 
free convection scaling to buoyant stack plume dispersion is discussed in 

. , . * Section IV. 
. . 



11. EXPERIMENTAL PROGRAM 

A. Power P l a n t ,  I n s t r u m e n t a t i o n ,  a n d  E x p e r i m e n t a l  P r o c e d u r e s  

The Morgantown power p l a n t  is on r e l a t i v e l v  r l a t  t e r r a i n  a l o n g  t h e  

Potomac R i v e r ,  a b o u t  56 k i l o m e t e r s  s o u t h  o f  Washington,  D.C. I t  h a s  two 

575-MWe s e n e r a t i n g  u n i t s  o p e r a t i n g  on e i t h e r  c o a l  o r  o i l  o r  a  m i x t u r e  o f  

t h e  two. F l u e  g a s e s  from e a c h  u n i t  a r e  e x h a u s t e d  t h r o u g h  a 2 1 3 - 1  s t a c k ;  

t h e  two s t a c k s  a r e  76 m a p a r t .  ' l u r i n g  t h e  September  1976 measurements ,  

b o t h  j i e n e r a t i n g  u n i t s  were i n  o p e r a t i o n ,  b u t  d u r i n g  t h e  O c t o b e r  1976 

measurements ,  o n l y  u n i t  2 was o p e r a t i n g .  

F o r  t h e  p u r p o s e s  o f  t h e  a n a l y s e s  d i s c u s s e d  l a t ? r ,  o n l y  t h e  SO2 

e m i s s i o n  r a t e s  and t h e  s t a c k  buovancy f l u x e s  were needed. These  v a r i a b l e s  

were  computed from t h e  h o u r l v  o p e r a t i n e  l o g s  on f u e l  consumpt ion ,  g e n e r a t i n g  

l o a d ,  and s t a c k  t e m p e r a t u r e ,  and t h e  weekly a n a l y s i s  o f  f u e l  s u l f u r  c o n t e n t .  

The range  o f  SO2 e m i s s i o n  r a t e s  and buoyancy f l u x e s  is g i v e n  i n  T a b l e  1. 

P a r t i c u l a t e ,  SO2, and NOx emiss io i l  r a t e s  and p a r t i c l e  s i z e  d i s t r i b u t i o n  

were  measured d u r i n ~  t h e  f i e l d  program. However, d u e  t o  s a m p l i n g  a n d  c o o r d i -  

n a t i o n  p rob lems ,  t h e s e  measurements  were n o t  a l w a y s  made s i m u l t a n e o u s l y  w i t h  

t h e  l i d a r  and SO2 measurements .  For  t h i s  reasor . ,  t h e  SO2 e m i s s i o n  r a t e s  and 

buoyancy f l u x e s  were computed from t h e  o p e r a t i n a  l o g s  f o r  t h e  a n a l y s e s  i n  

S e c t i o n s  T I I  and I V .  For  t h e  most p a r t ,  t h e  SO2 e m i s s i o n s  computed from t h e  

h o u r l y  l o a d  c o n d i t i o l l s  a g r e e d  w f t h  t h e  v a l u e s  hased  on t h e  s t a c k  tes t  da ta .*  

* The r a t i o  o f  t h e  SO e m i s s i o n  r a t e  c a l c u l a t e d  from s t a c k  tests t o  t h a t  
c a l c u l a t e d  from f u e  f consumption and c o m p o s i t i o n  d a t a  a v e r a g e d  1.15, b a s e d  
on compar i sons  f o r  4 d i f f e r e n t  days.  
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Nmber o f  P l tm Cross Sections 
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Lid.,  

%bile m 
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I 
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The results of the stack tests and a discussion of the sampling procedure were 

given by Engineering Test Services (1977). 

The NASA mobile lidar system consisted of a ruby laser (694 nm radiation), 

a telescope receiver, a detector package, and associated instrumentation. 

During field operation, the laser transmitted 1.5 Joule of energy per pulse, 

with a pulse length of 30 ns and a repetition rate of 1 pulse every 2 seconds. 

The beam divergence of the laser was 1 mrad. The laser, telescope, and detector 

were fixed on a searchlight mount equipped with a tracking system to monitor 

the elevation and azimuth angle. The sear~hlight mount and associated laser/ 

receiver instrumentation were mounted on a flatbed trailer. 

The data collection system consisted of an oscilloscope for a real-time 

displav, and a digitizer, minicomputer, and 9-track tape recorder for data 

storage. Some data processing was done on a near real-time hasis to permit 

preliminary data analysis and to piovfde a television monitor display, whlch 

permitted a more comprehensive display of the plume than did the ~siilloscope. 

netailed descriptions of the lidar svstem are given by Hills et al. (1978) and 

Rrowell (1977). 

The experimental plan was to locate the lidar at a preselected site 

2 km to 4 km from the plant so that the plume could he viewed from the side. 

A plan view of typical Iidar and plume positions is snown in Fig. 1. Aerosol 

profiles* were measured at several distances downwind of the stacks as shown 

by the lidar lines-of-sight in Fig. 1. Aerosol profiles at one plume cross 

* The term "aerosol profiles" here actually means profiles of backscattered 
light or simply backscatter. To relate the backscatter to the aerosol mass 
concentrat!on, one must know the size distribution and optical properties of 
the aerosols. Tn this studv, as is frequently done, we assume that the aero- 
sol size distribution and optical properties are uniform over the plume. 
The backscatter is then a measure of relative aerosol concentrations within 
the plume (see Johnson, 1 9 6 9 ) .  
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s e c t i o n  were o b t a i n e d  by scann ing  t h e  l i d a r  t h rouah  e l e v a t i o s  a n g l e s  from n e a r  

t h e  h o r i z o n  t o  an  a n g l e  s u f f i c i e n t l y  h i g h  t h a t  t h e  l a s e r  beam was above t h e  

plume ( a s  i n d i c a t e d  by t h e  rea l - t ime d i s p l a y ) .  P r o f i l e s  were t hen  measured i n  

a  l i k e  manner a t  each  of t h e  o t h e r  d e s i g n a t e d  c r o s s  s e c t i o n s .  The same c r o s s  

s e c t i o n s  were s e q u e n t i a l l y  sampled a  number o f  t imes  s o  t h a t  ave rage  a e r o s o l  

p r o f j . l e s  cou ld  l a t e r  he computed f o r  each  c r o s s  s e c t i o n .  T y p i c a l l v ,  e i g h t  

s c a n s  were t aken  o f  t h r e e  c r o s s  s e c t i o n s  ove r  abou t  a 1-hour per iod .  Measure- 

ments were conf ined  t o  t h e  f i r s t  6 km downwind of  t h e  s t a c k s .  

Time and t h e  l o ~ i s t i c s  of  moving t h e  l i d a r  d i c t a t e d  t h a t  a chosen s i t e  be 

used f o r  s e v e r a l  days  even though i t  may n o t  have been i d e a l  f n r  each  day. 

S i t e  s e l e c t i o n  was hased on a  wind f o r e c a s t  from t h e  N a t i o n a l  Weather Se rv i ce .  

The l i d a r  w a s  l o c a t e d  f o r  1 week a t  e a c h  of  t h e  f o u r  sites shown i n  Fig. 2. 

The mobi le  van was equipped w i t h  a  R a r r i n g e r  c o r r e l a t i o n  spec t rome te r  

t o  measure t h e  v e r t i c a l l y  i n t e g r a t e d  SO2 above t h e  van, and a Meloy t o t a l  

s u l f u r  moni tor  t o  measure t h e  ground-level  SO2 c o n c e n t r a t i o n .  Repeated p a s s e s  

a l o n ~  a road  t h a t  was n e a r l y  t r a n s v e r s e  t o  t h e  plume d i r e c t i o n  were made t o  

o b t a i n  c rosswind  p r o f i l e s  of ground-level  and v e r t i c a l l y  i n t e g r a t e d  SO2; 

t y p i c a l l v ,  s i x  crosswind p r o f i l e s  were measured a l o n g  t h e  same r o u t e  d u r i n g  a  

1-hour t ime i n t e r v a l .  (See Weil ,  1977, and Weil and Jepsen ,  1977, f o r  a more 

d e t a i l e d  d e s c r i p t i o n  of t h e  measurement procedures . )  The So2 measureqents  

were made s imu l t aneous ly  w i t h ,  bu t  n o t  always a t  t h e  same c r o s s  s ec t io r l s  a s  

t h e  l i d a r  measurements (due t o  a  l a c k  of  roads  w i t h i n  abou t  4 km of t h e  p l a n t ) .  

When p o s s i b l e ,  one of t h e  c r o s s  s e c t i o n s  scanned by t h e  l i d a r  was s e l e c t e d  

LO c o i n c i d e  (approximate lv)  w i th  one of t h e  mobile  van measurement r o u t e s .  

Th i s  was done t o  compare t h e  crosswind plume geometry a s  de te rmined  by t h e  two 

measurement systems.  
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Figure 2. Map of power plant area showing locations of plant, lidar 
sites, a d  pi lo t  balloon release site. 
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Vertical profiles of wind spaad and directton were obtained hourly from 

theodolt te tracked pilot balloons (pibals), and vertical temperature profiles 

were measured thrte times a day with a balloon-borne temperature sensor. 

Solar insolation measurements were made on the power plant property with an 

Eppley pyrheliometer. Surface observations of wind speed, cloud cover, and 

ceiling height were obtained from the Washington National Airport* for deter- 

mination of the Pasqutll stabiltty class by the Turner (1964) approach. 

R. Data Analysis 

The height of the canrective mixing layer and the temperature gradient 

within the layer were determined from the observed temperature profiles. 

Wind weed used in model calculations was an average value within the mixing 

layer (see Wetl, 1977). 

The crosswind standard deviation (aY) and peak concentration were 

calculated for each individual ground-level and overhead SO2 concentration 

profile. The average standard deviation <a > and average peak concentration Y 

c1 from individual profiles in a set of repeated plsses were used to approximate 

those of a lo-minute averaged plume.** In addition, an average profile was 
4 

found hy computing the average concentration at 100 equally spaced angular 

intervals across the composite plume. The a and peak concentration from . Y 

the avenge profile were used to approximate those of an hourly averaged plume 

(see Weil, 1977, and Weil and Jepsen, 1977, for details of the calculatlu~u). 

U 's from the vertically integrated SO2 profiles were used to evaluate 
Y 

* The Warhfngton National Airport is about 56 kilometers north of the Morgantown 
plant . 

** Each individual profile was generallv measured fn less than 10 minutes. 
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dispersion models in Section IV because they were believed to be more repre- 

sentative of the crossw~nd distribution of the entire plume than uy's 

from the grounC-level SO2 profiles. 

Computation of the plume centroid and standard deviations, U and a,, 
Y 

from the lidar data was done hy Mills et al. (1978); only a brief description 

of the procedure is given here. The lidar data were processed to determine the 

scattering ratio (SR) -- ratio of backscattered 1.ight intensity with a plume 
to backscattered light intensity without a plume -- as a function of crosswind 
distance and altitude for each observed cross section and for averages of 

repeated scans of a cross section. Procedures for obtaining the lidar return 

in the plume's absence are discussed in Mills et al. The distribution of the 

scattering ratio was used to calculate the location of the plume centroid and 

the crosswind and vertical plume standard deviations.* Mean values of plume 

standard deviations from individual cross sections in a set of repeated scans 

were used to approximate those of ia 10-minute averaged plume. Plume standard 

deviations from the average profile, which includes plume meandering, were 

used to approximate those of an hourly averakzd plume. Plume rise was taken 

to be the height of the centroid of the avrhrage scattering ratio distribution. 

A list of all data used in this analysis is given in Appendix A. 

The crosswind standard deviation was corrected for the angular difference 

between the lidar line of sight and a normal to the local plume centerline. 

In Mills et al. (1975), the local plume direction was assumed to be given by 

the vector Ciom the stack to the centroid (in the crosswind direction) of the 

lidar profile. This presumes that the plume followed a straight line trajectory. 

However, a plot of the centroids from cross sections measured simultaneouely 

* Plume standard deviations were computed by taking second moments of the 
SR distribution about the centroid of the distribution. 
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but at different downwind distances showed that several plume trajectories 

were curved. In our analysis, we used the plume direction inferred from the 

curved trajectory to correct a for the "non-normality" of the lidar line- 
Y 

of-sight. Xn a few cases, rhe resultant u was 40 percent greater than the Y 

value given by Mills et al. 

C, Profiles of Scattering Ratio and SO2 

During the field study, five sets of simultaneous lidar and SO2 measure- 

ments of the same plume cross section were acquired. An example of one of the 

cross sections is indicated in Fig. 1 (the mobile van measurement route and 

middle lidar line-of-sight ), The average crosswind SO2 profile extended from 

an azimuth of 105' on the measurement route to about 120'. 

Figure 3 shows a comparison of the hourly average crosswind profiles of 

vertically integrated scatterin8 ratio and SO2 concentration obtained from 

the simultaneous measurements. The concentration and ratio were summed over 

200- crosswind segments and normalized by the respective maximum sum. The 

shapes of the two profiles are in reasonably good agreement, although the SO2 

profile is somewhat broader than the scattering ratio profile. This may be 

due to the longer time required to traverse the plume by the mobile van 

(- 3 minutes in this case) than to scan it with the lidar (- 1 minute), 

and to the lower number of the van passes made (five van passes vs eight lidar 

scans ). 

Profiles of SO2 concentration and scattering ratio obtained during the 

other four simultaneous measurement periods were generally in good agreement. 

A discussion of these profiles is given in Appendix B. 
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The l i d a r  d a t a  of most i n t e r e s t  i n  t h i s  plu.,. modeling s tudy were the 

v e r t i c a l  distributions of plume mate r i a l .  An example is  shown i n  Fig. 4 where 

average v e r t i c a l  p r o f i l e s  of the  crosswind i n t e g r a t e d  s c a t t e r i n g  r a t i o  a r e  

p l o t t e d  f o r  the  t h r e e  l i d a r  c ross  s e c t i o n s  ind ica ted  i n  Fig. 1. The p r o f i l e s  

obta ined at  downwind d i s t a n c e s  of 2.2 km and 3.2 km from the  kower p lan t  show 

t h a t  t h e  plume i s  contained wi thin  the  mixing l a v e r  (determined from h ~ i  e a r l i e r  

temperature p ro f i l e* ) .  The e leva ted  c a ~ . ~ e n t r a t i o n s  a t  tile top  of the  middle 

p r o f i l e  a r e  probably due 20 the  upper s t a b l e  l a y e r  t rapping the  plume. The 

p r o f i l e  a t  4 . 9  k m  i n d i c a t e s  t h a t  the  plume is  d i f f u - ; I #  i n t o  the  upper s t a b l e  

l aye r .  The cen t ro id  of t h i s  l a s t  p r o f i l e  i s  s l i g h t l y  ,--low t h a t  measuzed a t  

the  3.2-km c r o s s  s e c t i o n ,  poss ibly  due t o  a  thermal downdraft. 

On one day, simultaneous scans of SO2, using the  Barringer c o r r e l a t i o n  

spect rometer ,  and s c a t t e r i n g  r a t i o  were obtained i ~ o m  the  s i d e  of t h e  plume 

about 1 km downwind of the  p lan t .  The spectrometer was f ixed  on a  swivel ing 

t r t p o d  mount so t h a t  i t  could scan i n  azimuth and e l e v a t i o n  angles .  The 

spectrometer and l i d a r  were posi t ioned a t  s i t e  3 ( s e e  Fig. 2 ) ,  and the  wind 

was from the  southwest. 

A comparison of average p r o f i l e s  of i n t e e r a t e d  s c a t t e r i n g  r a t i o  

and SO2 along the  l i n e s  of s i g h t  of the  measuring instruments is  presented 

i n  Fig. 5. The two p r o f i l e s  a r e  i n  f a i r  ag7eement. Low concentra t ion t a i l s  

on t h e  SO2 p r o f i l e  aay be due t o  an inappropr ia te  choice of the  background 

value  of the  i n t e g r a t e d  SO2. The comparison i n  Fig. 5 ,  a s  we l l  a s  t h a t  i n  

Fig. 3, suppor ts  the  assumption t h a t  the  a e r o s o l s  a r e  a  good t r a c e r  of the  SO2 

plume. 

* A l i d a r  measurement of t h e  ambient ae roso l  p r o f i l e  a t  the  time of t h e  plume 
measurements ind ica ted  t h a t  the  mixing depth was about t h e  same a s  measured 
by the  temperature p r o f i l e ,  

Martin Marietta Environmental Centsr 



Martin Marietta Environmental Center 



Martin Marietta Environmental Center i 
i 



111. PLUME RISE 
f . .  
i : 

This section is divided into two parts. In part A,  observations of the 

, , . . . 3 "  initial plume rise are compared to predictions from the "two-thirds law." The 

- i 
$ & : .  main purposes of these comparisons are to determine if plume rise enhancement 

i . .  occurs when two adjacent stacks, rather than one stack, are operating, and to 
, . 

& .  determine the proportionality constants hetween measured dispersion (or plume 
i . . 

. ~ radius) and pltme rCse. These constants are used in Section 1 V . A .  In part B, 
' i '  

.i ? 
i .  . formulas for the final rise in neutral and convective atmospheric conditions 

. f are tested against observations of final rise. The formulas tested are Briggs -. , 

(1970) model for neutral conditions, Weil's (1974) modification to it to account 

for convect<ve turbulence, and Rriggs (1975) models which include one formula 
. . 

for neutral, high wind conditions and two for convective conditions. 
, . -  

' 5 

A. Initial Rise - the "Two-Thirds Law" 

I The initial rise of a bu~jant plume in a neutral atmosphere and in the 
: I .  . 
' f presence of a crosswind can be predicted by the "two-thirds law" (Briggs, 

: I  1975). which predicts that plume rfse z increases with downwind distance x 

according to 

. . 
where B = an empirical entrainment parameter . . 

I , -  ;I a = buoyancy length scale given by 
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where F = t h e  buoyancy f l u x  (def ined i n  t h e  Nomenclature) 

v = average wind speed. 

The model l ead ing  t o  equa t ion  (1 )  is based on uniform o r  " top hat"  p r o f i l e s  of 

d e n s i t v ,  temperature,  and v e l o c i t y  wi thin  a c i r c u l a r  plume c r o s s  s e c t i o n  of 

r a d i u s  r. The r a d f u s  is pred ic ted  t o  grow i n  propor t ion t o  t h e  plume r i s e .  

I f  one chooses equivalent*  Gaussian p r o f i l e s  t o  d e s c r i b e  t h e  v a r i a t i o n  of 

plume p r o p e r t i e s  a c r o s s  t h e  plume, t h e  s t andard  d e v i a t i o n  of  t h e  Gaussian 

p r o f i l e  is rm. 
PredictLons of t h e  "two-thirds law" a r e  compared f i r s t  t o  obse rva t ions  

when only  one s t a c k  was opera t ing.  Measured nondimensional plume t r a j e c t o r i e s  

shown i n  Fig. 6 a r e  i n  good ameement wi th  t h e  p r e d i c t i o n  of equa t ion  ( 1 )  

us ing the  recommended $ (0.60) given by Briggs (1975). I f  one excep t iona l  

t r a j e c t o r y  is d e l e t e d  (symbol +), t h e  average 0 is 0.59. (A  $ was c a l c u l a t e d  

f o r  each ind iv idua l  po in t  i n  Fig. 6 from equat ion (1)  us ing the  observed 

plume r i s e ,  d i s t a n c e  x ,  and measured F and v. The Average of t h e s e  B's was 

0.59.) 

The discrepancy between the  p red ic ted  and observed tra1ec;ory f o r  the  

excep t i cna l  c a s e  is bel ieved due t o  d i f f e r e n c e s  i n  wind speed measured 

from p i b a l s  and a c t u a l l y  experienced by t h e  plume. The measured wind p r o f i l e  

showed an average speed over the.mixing l a y e r  of - 6mlsec and an average 

d i r e c t i o n  of lo0**, i n d i z a t i n g  t h a t  a i r  passed over land upwind of t h e  p lan t .  

This p r o f i l e  was measured from a s i t e  about 1 km e a s t  of t h e  p l a n t  ( s e e  

Fig. 2 ) .  However, measured plume c r o s s  s e c t i o n s  ou t  t o  2 km downwind of t h e  

s t a c k s  i n d i c a t e d  t h a t  t h e  win3 d i r e c t i o n  was - 3 4 5 " ,  i .e . ,  blowing down the  

* By e q u i v a l e n t ,  we mean t h a t  the  volume, momentum, an6 buoyancy f l u x e s  i n  t h e  
Gaussian p r o f i l e  formulation a r e  the  same a s  those  wi th  " top hat"  p r o f i l e s .  

** Wind d t r e c t i o n  is t h a t  from which the  wind blows, measured from nor th .  

Martin Marietta Environmental Center 111-2 



One Stack 

Date 
10115/76 0 0  

10126176 A 

10127/76 v 
10128176 +o 

T~lo Stacks 

Date 
9/22/76 . 
912376 8 A 

9124176 

- Predicted rise,, 8 = 0.6 

Figure 6. Ccmparison between plume rise prediction fran "w-thirds law" 
(equation 1) and measured rise. 
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r i v e r .  For winds corning down t h e  r i v e r ,  t h e  wind speed a t  plume e l e v a t i o n  

could be considerably  h igher  than t h a t  measured a t  t h e  p i b a l  s i t e  because of 

t h e  smal l  roughness h e i g h t  over t h e  water compared t o  t h a t  over  land*, and t h e  

long f e t c h  (- 1 0  km) of  water upwind of  t h e  p lan t .  Higher winds would r e s u l t  

i n  a  lower plume r i s e ,  a s  observed. 

Figure  7 shews a  l i n e a r  r e l a t i o n s h i p  between t h e  observed v e r t i c a l  d i s -  

pers ion and t h e  observed r i s e  f o r  t h e  s i n g l e  s t a c k  d a t a  ( s o l i d  l i n e ,  open 

svmbols). The average value  of BZE = o,/z f o r  t h e  s i n g l e  s t a c k  d a t a  was 

0.62: a, i n  Fig. 7 was computed from t h e  average s c a t t e r i n g  r a t i o  p r o f i l e .  

The average ins tantaneous  v e r t i c a l  d i spe r s ion  from r rpea ted  scans  <a,> a l s o  

va r i ed  l i n e a r l y  wi th  plume r i s e ;  the mean <uz>/z was 0.56. The equ iva len t  

"top ha t "  r a d i i  ( r  =-a,) computed from t h e  observed a Z t s  were a g r e a t e r  

f r a c t i o n  of the  observed r i s e  ( r / z  = 0.84) than the  value  repor ted  by Briggs 

(1975) ( r / z  = 0 . 5 ) .  This  should be expected s i n c e  Briggs' va lue  was based on 

t h e  v i s i b l e  half-width (from photographs) of r i s i n g  plumes. ( I f  t h e  v i s i b l e  

half-width is  i n t e r p r e t e d  a s  one s tandard dev ia t ion ,  a,, then Briggs '  

observations a r e  c o n s i s t e n t  with t h e  present  ones.) 

The average ins tantaneous  crosswind d i spe rs ion ,  <a >, was expected 
Y 

t o  be approximately equal  t o  the  v e r t i c a l  d i s p e r s i o n  <a,>. Although <ay> 

var ied  approximately l i n e a r l y  with r i s e ,  the  mean <a >/z (10 .92)  was 
Y 

l a r g e r  than the  mean <o,>/z. The <US'S were excep t iona l ly  l a r g e  due 

t o  low-level t a i l s  on the  crosswind s c a t t e r i n g  r a t i o  p r o f i l e s .  We suspec t  

t h a t  these  t a i l s  were an a r t i f a c t  poss ibly  because of low signal-to-noise 

r a t i o  caused by l i m i t i n g  l i d a r  s e n s i t i v i t y ,  low p a r t i c u l a t e  emission r a t e  

(- 0.018 kg / sec )  dur ing t h e  s i n g l e  s t a c k  observat ions ,  and/or t h e  method of 

* The land f e t c h  cons i s t ed  of open crop f i e l d s  and wooded a reas .  
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One Stack Two Stacks 
Date Date 

10115/76 0 0  9/22/76 
9/23/76 
9124t76 r 

10128/76 +O 

200 - 

- 

I I I 1 I I - I 

2 0  400 600 - 80( 

Figure 7 .  Measured vertical dispersion fran average profiles as a function 
of measured plume rise. Solid and dashed lines are best f i t s  of 
equation of fonn uz = BzE z to the single- and two-stack data, 
respectively . 
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determining backsca t t e red  l i g h t  i n t e n s i t y  i n  t h e  plume's absence. Such t a i l s  

were not  found f o r  the  two-stack plume obse rva t ions  where the  p a r t i c u l a t e  

emission r a t e  was about a f a c t o r  of  15  l a r g e r .  We f e e l  t h a t  i n  t h e  absence 0.f 

t h e  low-level t a i l s  <U > would be approximately equal  t o  <a,> a s  was 
Y 

found f o r  t h e  two s t a c k  plume obse rva t ions  d iscussed below. This suppos i t ion  

and t h e  s e n s i t i v i t y  of <a > t o  t h e  low-level t a i l s  r e q u i r e  f u r t h e r  s c r u t i n y .  
Y 

Now cons ide r  l i d a r  d a t a  taken wi th  two s t a c k s  q e r a t i n g .  For t h e  most 

p a r t ,  t he  plume r i s e  measurements shown i n  Fig. 6 (c losed symbols) e x h i b i t  a  

r i s e  enhancement; i.e. t h e  closed symbols l i e  a long o r  above t h e  upper edge of 

t h e  s c a t t e r  band of t h e  s i n g l e  s t a c k  plume data .  The only t r a j e c t o r y  which 

does not  show enhanced r i s e  (symbol.) was observed i n  t h e  presence of a pro- 

nounced wind d i r e c t i o n  s h e a r  (= 0.035"/m). We be l i eve  t h a t  the  d i r e c t i o n a l  

s h e a r  caused a more raq id  entrainment* of ambient a i r  by the  plume and t h a t  

t h e  Increased entrainment r e s u l t e d  i n  a lower plume r i s e .  I f  t h i s  excep t iona l  

c a s e  i s  d e l e t e d ,  the  plume r i s e s  a r e  c l o s e  t o  t h e  va lues  obtained by us ing t h e  

sum of  t h e  huoyancy f l u x e s  i t 1  t h e  "two-thirds law."** For two nearby s t a c k s  

of equal  buoyancy f l u x  a s  i n  t h e  p resen t  obse rva t ions ,  t h e  p red ic ted  r i s e  

wi th  two s t a c k s  opera t ing  is  1.26 t imes t h e  r i s e  with only  one s t a c k  opera t ing.  

* The r a t i o  a / z  f o r  t h e  excep t iona l  t r a j e c t o r y  ranged from 0.64 t o  0.56 v s  
Y t h e  mean of 0.47 f o r  t h e  nonexceptional  cases  (two s t a c k s  opera t ing) .  

** For the  two-stack c a s e s ,  the  mean m l u e  of C = ( 1 . . 5 / 8 ~ ) ~ / ~  (equat ion 1 )  
determined from the  s i x  nonexceptional  d a t a  p o i n t s  i s  2.20; the  s t andard  
d e v i a t i o n  i s  0.42. For t h e  s i n g l e  s t a c k  cases ,  the  mean C cornputea from 12 
nonexceptional  po in t s  i s  1.64, and the  s tandard dev ia t ion  i s  0.17. The 
r a t i o  of t h e  two means i s  1.34; t h e  r a t i o  computed by assuming f u l l  plume 
merging is  1.26. The d i f f e r e n c e  between the  mean C ' s  f o r  two- and s i n g l e  
s t a c k  cases  is  s i g n i f i c a n t  by a "Student t" t e s t  a t  t h e  99 percent  confidence 
l e v e l .  
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The average UZ/z of 0.47 found for the two stack cases in Fig. 7 is 

less than that for the single stack cases. This differen.:e implies that the 

internal dynamics for the two-stack plumes are not the same as those for a 

plume emitted from one stack with a buoyancy flux of 2F, even though the ob- 

served plume rise implies otherwise. Most of these measurements were obtained 

between 2 km and 3 km downwind of the stacks. Since standard deviations were 

typtcallg 2-112 to 3 times the distance between the stacks, a considerable 

overlap of the two individual plumes should have occurred. The mean ratios of 

<O,> /Z  and <a >/z  for the two stack cases were about 0.35. 
Y 

To develop a generalized treatment for two stack plumes, further investi- 

gation is required of the distance and wind direction dependence of the plume 

rise and growth (wind direction relative to the lfne of stack centers). The 

growth rate should depend on the plume's internal circulation, which has not 

yet been explored for a two-stack plume. The two-stack plumes observed here 

suggest that travel distances beyond those measured here are required for 

evolution into the single douhle-vortex structure characteristic of a single 

stack plume. Detailed observations of the internal circulation could probably 

best be cbtained from simulations in a wind tunnel or water channel. Wind 

tunnel simulations of plume rise from two adjacent stacks are presently being 

conducted for the Maryland Power Plant Siting Program.* 

Crosswind dispersion from the average profile was larger than the 

associated vertical dispersion, presumably due to lateral plume meandering, 

which is not taken into account in the entrainment vodel. This meandering 

is dealt with in Section ZV. 

* Dr. TI mas J. Overcamp, Environmental Systems Engineering Department, 
Clemson Univer~ity, Clemson, South Carolina. 
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B. Final Rise Formulas - Neutral and Unstable Conditions 

Several extensions of the "two-thirde law" have been formulated by 

Brig~s (1970, 1975) to predict the final rise of buoyant plumes in neutral 

and unstable conditions. In earlier work, Briggs (1970) proposed that, in 

neutral conditions, plume growth due to buoyancy-generated turbulence would, 

at some downwind distance, be replaced by growth caused by atmospheric tur- 

bulence, and the latter would cause more rapid dispersion and a limited rise. 

He suggested the following formula for computing the final rCse in such con- 

ditions: 

where x* is the distance of tran3ition from growth due to buoyanLy-generated 

turbulence to that caused by atmospheric turbulence and is given by 

To arrive at these expressions for x*, Briggs utilized an empirical formula 

for the ambient turbulent dissipation rate e during neutral stability. 

Weil (1974) suggested a modification to this model to predict a final 

rise caused by convective turbulence during unstable ambient conditions. He 

proposed that the ambient turbulent dissipation rate for convective conditions 

could be given by 

e = 0.5q (5) 

where 
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where g a c c e l e r a t i o n  due t o  g r a v i t y  

Qo = s e : ~ s i h l e  h e a t  f i u x  a t  t h e  s u r f a c e  

p = a i r  d e n s i t y  

T  = a b s o l u t e  tempera ture  

c = s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s su re .  P  

( p ,  T, and c  a r e  e v a l u a t e d  a t  t h e  s u r f a c e . )  The r e s u l t a n t  fc rmula  f o r  
P  

x* i s  

i n  which Weil assumes O0 = 0.31 t imes  t h e  i n s o l a t i o n  r a t e .  I n  c a l c u l a t i n g  

a  f i n a l  r i s e  f o r  ground-levei  c o n c e n t r a t i o n  p r e d i c t i o n s  d u r i n g  n e u t r a l  o r  

u n s t a b l e  c o n d i t i o n s ,  Weil (1974, 1977) chose t h e  iower of t h e  e s t i m a t e s  f o r  

x* g iven  by e q u a t i o n s  ( 4 )  and (7 ) .  This  procedure  was used t o  e s t i m a t e  t h e  

h i g h e s t  ground-level  c o n c e n t r a t i o n s  and t o  avo id  t h e  d i f f i c u l t y  i n  d i s t i n -  

g u i s h i n g  n e u t r a l  from convec t ive  c o n d i t i o n s ,  s o l e l y  on t h e  b a s i s  of  measured 

l a p s e  r a t e s  a t  plume a l t i t u d e s .  Furthermore,  t h i s  approach  produced t h e  b e s t  

agreement  between measured and c a l c t ~ l a t e d  c o n c e n t r a t i o n s .  

I n  h i s  more r e c e n t  work, Br iggs  (1975) proposed two new models f o r  

computing t h e  f i n a l  r i s e .  The f i r s t  assumes t h a t  plume "break  up" and f i n a l  

r i s e  occur  when t h e  t u r b u l e n t  d i s s i p a t i o n  r a t e  i n s i d e  t h e  plume decays  t o  

t h e  d i s s i p a t i o n  r a t e  of  t h e  su r round ing  t u r b u l e n t  environment .  The d i s s i -  

p a t i o n  r a t e  i n s i d e  t h e  plume is based on s imple  d imens ional  argumenrs u s i n g  

t h e  " two- th i rds  law" w h i l e  t h e  a tmospher ic  d i s s i p a t i b n  r a t e  is  based on 

c l a s s i c a l  r e s u l t s  f o r  t h e  n e u t r a l  s u r f a c e  l a y e r  and t h e  convec t ive  mixing 

l a v e r .  

For  n e u t r a l  h i ~ h  wind c o n d i t i o n s  i n  which mechanical  t u r b u l e n c e  is  

l i k e l y  t o  be r e s p o n s i h l e  f o r  plume "break up ,"  Br iggs  assumes 
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where u* = 

K = 

h = 

friction velocity 

von Karman constant ( Y  0 . 4 )  

height above ground. 

The final rise is then 

where hs = stack height. Equation (9) can be solved iteratively for the 

final rtse Ah. The friction velocity was estimated here as some fraction of 

the mesa wind speed. We found that u* = v/16 provides good agreement between 

measured and observed plume rise. 

For plumes rising in convective mixing layers, Briggs argues that down- 

drafts are responsible for terminating rise, and that the dissipation rate 

within the downdrafts should be used 

E = 0.14 for the downdrafts with the 

in determining final rise. He suggests 

resulting formula: 

Rriggs assumes Qo = 0.4 times the solar insolation rate. 

The second new model posed by Briggs -- the "touchdown" model -- treats 
the case of plumes brought to ground by downdrafts during strong convection. 

This model differs from the "break up" model in that the plume is assumed to 

still be rising relative to the air in a convective downdraft, hut the vel- 

ocity of the dowddraft exceeds the rise velocity of the plume. The formula 

for final rise is 
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where wd = t h e  c o n s t a n t  downward v e l o c i t y  of  t h e  downdraft  

i n  which Hm = t h e  mixi'ng dep th ,  E q u a t i - n  (11)  can  be  so lved  i t e r a t i v e l y  f o r  

t h e  f i n a l  r i s e .  

I n  t h e  comparisons below, plume r i s e  l i m i t e d  by t h e  i n v e r s i o n  capping  t h e  

mixing l a y e r  was a l s o  cons idered .  The n e t  plume r i s e  p l u s  some f r a c t i o n  of 

a, was assumed equa l  t o  t h e  d i s t a n c e  between s t a c k  t o p  and t h e  ~ d p  of  t h e  

mixing l a y e r .  The f r a c t i o n  was e m p i r i c a l l y  found t o  be 1, r e s u l t i n g  i n  t h e  

formula 

( I t  i s  assumed t h a t  t h e  r e l a t i o n s h i p  uZ = PZEz h o l d s  u n t i l  t h e  f i ~ i a l  r i s e  i s  

reached.)  

The f i n a l  r i s e  from r e a s u r e d  plume t r a  i e c t o r i e s  was chosen a s  t h e  maximun 

c e n t e r l i n e  r i s e  provided t h a t  t h e  maximum was n o t  t h e  m w t  d i s t a n t  o b s e r v a t i o n  

on t h e  t r a j e c t o r y .  The most d i s t a n t  measurement was n o t  cons ide red  as a " f i n a l  

r i s e "  hecause  f u r t h e r  r i s e  may have occurred  beyond t h a t  p o i n t  i f  t h e  plume 

were s t i l l  r i s inp , .  A f i n a l  r i s e  was found on seven of 11 plume t r a j e c t o r i e s * ;  

* One excep t ion  t o  t h e  f i n a l  rise c r i t e r i o n  was made f o r  a  t r a j e c t o r y  measured 
on Septer .ber  2 2 ,  1976 ( t ime  1559-1619). Only one c r o s s  s e c t i o n  was scanned ,  
bu t  t h e  measured plume r i s e  was 34 pe rcen t  lowe*: t han  t h e  "two-thf-rds law" 
p r e d i c t i o n ;  t h e  c r o s s  s e c t i o n  w 3 s  about  3200 T downwind of  t h e  s t a c k s .  The 
plume measurement was j u d ~ e d  t o  be one of f i n a l  r i s e  and c o r r e l a t e d  w e l l  w i t h  
t h e  n e u t r a l  "break up" model p r e d i c t i o n  ( s e e  Tab le  2 ) .  
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t h e  maximum r i s e  of the  remaining four  t r a j e c t o r i e s  was t h e  most d i s t a n t  

observat ton.  The maximum r i s e s  were d ivided i n t o  th ree  groups: 

2. F i n a l  r i s e  was observed and was caused by turbulence  ( i . c . ,  r i s e  no t  
l imi ted  hy capping fnvers ion) ;  t h r e e  cases.  

2. F i n a l  r i s e  was observed but  was caused by an upper l e v e l  invers ion 
( t h e s e  observat ions  c o r r e l a t e d  q u i t e  w e l l  wi th  equat ion 13);  f o u r  
ckses.  

3. F i n a l  r i s e  vas  not  observed. Maximum plume r i s e  measured was t h e  
most d i s t a n t  ohservat ion on a given t r a j e c t o r y ;  four  cases .  

Although t h e  l a s t  two c a t e g o r i e s  cannot be used t o  v e r i f v  formulas f o r  tu r -  

hulence l iml ted  r i s e ,  they can be used t o  show t h a t  a p a r t i c u l a r  model does 

not  apply ( i .e . ,  t h e  observed plume r i s e  is g r e a t e r  than t h a t  predic ted  by 

t h a t  mcdel). 

Comparisons between measured and predic ted  plume r i s e s  a r e  summarized i n  

Table 2. I n  each group of formulas, Briggs (1970) and Rriggs (19751, we choose 

t h e  one giving the  lowest r i s e  a s  the  formula t o  he used i n  c a l c u l a t i n g  the  

f i n a l  r i s e  and e f f e c t i v e  s t a c k  height .  This chotce  is  made f o r  t h e  reasons  

~ i v c n  by Weil (1974, 1977) and discussed e a r l i e r .  I n  Table 2 ,  under l in ing  

denotes the  r a t i o  of predic ted  t u  observed r i s e  f o r  the formula q i v i n e  the  

lowest rsse .  The R r i ~ g s  (1970) model does not  c o r r e l a t e  w e l l  u i t h  observa- 

t i o n s .  The n e u t r a l  r i s e  p red ic t ion ,  equat ions  (3)  and ( 4 1 ,  gives  lower e s t i -  

mates of r i s e  than the  formula f o r  convective cond i t ions ,  equat ions  ( 3 )  and 

(7) ,  i n  a l l  cases.  It a l s o  underest imates t h e  max'mum measured r i s e  i n  a l l  

t h r e e  groups of ohservat ions .  The f a f l u r e  of t h e  1970 n e u t r a l  r i s e  p red ic t ion  

is no t  unexpected i n  view of the r e s u l t  i n  F ig .  7 showing a l i n e a r  dependence 

of plume growth on r i s e ;  t h e  Rriggs (2970) model p r e d i c t s  a f a s t e r  than l i n e a r  

growth r a t e  beyond the  d i s t a n c e  x*, a p red ic t ion  not supported by observat ioas .  

The Rriggs (1975) models provide good agreement with the  t h r e e  obsorva- 

t i o n s  of tiirhulence-limited r i s e .  The 1975 formulas a r e  al.so c o n s i s t e n t  wi th  
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t h e  maximum measured r i s e s  i n  groups 2 and 3 (Table 2); p red ic ted  rise is 

e i t h e r  g r e a t e r  than o r  approx i~aa te ly  equa l  t o  the  observed r i s e .  Note t h a t  

invers ion- l imi ted  r i s e s  ( ~ r o u p  2) c o r r e l a t e  w e l l  wi th  equat ion (13) ( l a s t  

column of  Table 23. 

The p red ic ted  f i n a t  rise f o r  cases  with two s t a c k s  opera t ing  was ob- 

l/ 3 t a i n e d  by mul t ip lying the  c a l c u l a t e d  f i n a l  r i s e  f o r  one s t a c k  bv 2 . 
is  c o n s i s t e n t  wi th  t h e  "two-thirds law"  app l i ed  a t  t h e  d i s t a n c e  of f i n a l  

r i s e  f o r  a s i n ~ l e  s t a c k  plume. Although we might be tempted t o  use  summed 

huoyancy f l u x e s  i n  the  f i n a l  r i s e  forinulas*, the  observed plume growth i n  the  

"two-thirds law" regime (Fig. 7 )  does no t  i n d i c a t e  t h a t  t h e  l o c a l  plume geo- 

metrv, o r  probably I n t e r n a l  dynamics, f o r  the  two-stack plume is t h e  same a s  

t h a t  f o r  a plume emit ted  from one s t a c k  with huoyancy f l u x  2F. The approach 

csed he re  f o r  computing f i n a l  r i s e  seems most prudent u n t i l  f u r t h e r  observa- 

t i o n s  i n d i c a t e  otherwise.  

* T i could l e a d  t o  p red ic ted  f i n a l  r i s e s  f o r  t h e  two-stack plume of 
28'' t i n e s  t h e  f i n a l  r i s e  f o r  a s i n g l e  s t a c k  plume. 
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IV. DISPERSIGN ESTIMATES AND GROUND-LEVEL SO, CONCENTRATIONS 

A. Free Convection Scaling and the "Two-Thirds Law" 

Deardorff's (1972) numerical modeling of the convective mixing layer 

showed that large convective eddies scale in size with Hm while turbulent 

velocities within this layer vary with the convective velocity scale w*, 

given by 

The appropriateness of H, and w, as the important length and velocity scales 

during strong convection was supported by laboratory simulations of turbulence 

in a water-filled convection chamber (Willis and Deardorff, 1974), wherein 

good agreement was €0-md between these laboratory measurements and atmospheric 

observations. Recentlv, the convection chamber was used to simulate dispersion 

of neutrally buoyant particles into the mixed layer from a point source at a 

height of 0.25Hm (Willis and Deardorff, 1978). The nondimensional plume 

standard deviations, u,,/Hm and u,/Hm, were given as functions of a nondimen- 

sional distance X, where 

i.e., the travel time x/v divided by Hm/w*, a characteristic time scale for 

convective eddies in the mixed layer. 

Lamh (l978a) conducted numerical simulations of neutrally buoyant par- 

ticle diffusion from a point source into the mixed layer using the turbulence 
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v e l o c i t y  f i e l d s  computed numerically by Deardorf f (197 4 ) .  The s i m l a t i o n s  

f o r  a sourc; he igh t  of 0 . 2 1 ,  were i n  e x c e l l e n t  a g r e e m e ~ t  wi th  t h e  l abora to ry  

r e s u l t s  of  Willis and Deardorff (1978). I n  a more r e c e n t  paper, Lamb (1978h) 

i n v e s t i g a t e d  t h e  d i s p e r s i o n  c h a r a c t e r i s t i c s  f o r  h igher  po in t  source  r e l e a s e s ,  

a t  0.5% and 0.75Hm, and sunmarized h i s  r e s u l t s  i n t o  a s i m p l i f i e d  s e t  of 

express ions .  For r e l e a s e  h e i g h t s  g r e a t e r  than O.lHm, Lamb gave 

These r e s u l t s  apply f o r  v/w* i n  t h e  range 

The lower l i m f t  is imposed t o  ensure  t h a t  d i f f u s i o n  a long the  plume a x i s  can 

be ignored while t h e  upper l i m i t  s a t i s f i e s  t h e  cond i t ion  t h a t  t h e  bulk of the  

mixing l a y e r  be dominated by convect ive  turbulence.  (See Lamb, 1978b, f o r  

"Y 
and aZ express ions  a p p l i c a b l e  t o  r e l e a s e  he igh t s  l e s s  than O.lHm.) 

I n  t h e  c a s e  of a buoyant s t a c k  plume d i spe rs ing  i n  a convect ive  mixing 

l a y e r ,  we expect  t h e  plume s tandard  dev ia t lons  t o  be given by equa t ions  (16) 

and (17) f a r  from t h e  s t a c k ,  where t h e r e  a r e  no longer  s t a c k  buoyancy e f f e c t s .  

Close t o  t h e  s t a c k ,  buoyancy-induced growth and r i s e  should dominate t h e  

plume behavior. However, even near  the  s t a c k ,  l a t e r a l  meandering of the  

plume needs t o  be considered t o  p r e d i c t  a f o r  the  time averaged plume. 
Y 

. (  
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The crosswind  d i s p e r s i o n  o f  a time averaged plume can  be r e p r e s e n t e d  

as 

where s is t h e  " r e l a t i v e "  d i s p e r s i o n  abou t  t h e  i n s t a n t a n e o u s  plume c e n t e r -  
Y 

l i n e  and m,, is t h e  "meandering" ~f t h e  c e n t e r l i n e  abou t  i ts  t ime a v ~ r a g e d  

p o s i t i o n  (see Csanady, 1973). C lose  t o  t h e  s o u r c e  s and 5 can  be o f  t h e  
Y 

same o r d e r  o f  magnitude w h i l e  f a r  from t h e  s o u r c e  s >> m By "near"  we 
Y Y' 

mean f o r  t r a v e l  times r / v  < tL, where tL is t h e  Lagrangian  i n t e g r a l  time 

s c a l e  and by " f a r " ,  we mean x /v  >> tL. I n  a convec t ive  mixing l a y e r  

tL - Hmiw*, and t h e  t r a v e l  t ime s e p a r a t i n g  "near"  and " f a r "  is x /v  - Hm/w* 

which is cqu i - r a l en t  t o  X - 1. 

Now c o n s i d e r  buoyant plume d i s p e r s i o n  i n  t h e  r eg ion  X 5 1. We assume 

t h a t  t h e  p r i n c i p a l  c o n t r i b u t i o n  t o  t h e  " r e l a t i v e "  d i s p e r s i o n  is  buoyancv- 

induced e n t r a i n m e n t ,  and w e  have 

where eyL = t h e  mean <u > / z  found e a r l i e r *  
Y 

z = t h e  rise above t h e  s t a c k .  

Equat ion  (20)  shou ld  ho ld  u n t i l  t h e  f i n a l  rise Ah is reached.  For  d i s t a n c e s  

beyond t h a t  t o  f i n a l  r i s e ,  w e  assumr t h a t  sy = ByL Ah. The "meandering" 

component of t h e  ct ispersioi i ,  m ought  t o  vary  l i n e a r l y  w i th  t r a v e l  time c r  
Y'  

d i s t a n c e  f o r  X < 1 acco rd ing  t o  s t a t i s t i c a l  t heo ry  of  t u r b u l e n c e  ( ~ a y l o r ,  1921). 

* For s i n g l e  s t a c k  plumes, we  assumed f% = 0.56, which was t h e  mean va lue  
YL found f o r  <a >/z .  T h i s  assumption was made because t h e  c a l c u l a t e d  <u > ' s  

Y 
were he l ie i re8  t o  be u n r e a l i s t i c a l l y  l a r g e  due t o  a r t i f i c i a l  low-level  t a i l s  
on t h e  c rosswind  s c a t t e r i q g  r a t i o  p r o f i l e .  (See d i s c u s s i o n  i n  S e c t i o n  1 I I . A . )  
For  t h e  two-stack plumes, JyL 0.35. 
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Since Lamb's result (equation 16a) is consistent with statistical theory, we 

assume it to be representative of m for X < 1. The "total" dispersion can 
Y - 

then be computed from equatfon (19) by replactng sy by ByLz and m,, by 113 X. 

For dispersion in the region X > 1, we do not attempt to resolve the 

dispersion into "relative" and "meandering" components. In this region we 

are guided by the idea that uy should tend asymptotically to 113 x2I3 

(equation 16b), and that there should be a smooth transition of u in X < 1 
Y 

to u in X > 1. We also note that for strongly buoyant plumes which arc 
Y 

still rising for X > 1, buoyancy-induced entrainment will continue to con- 

tribute to the "total" a 
Y' 

Consistent with the above discussion, the following formula is proposed 

for computing a,,: 

, for X j 1 (21a) 

, for 1 < X. (21b) 

The first term within the brackets on the right hand side of equation (21) is 

2z2/H,,,2 in which z has been replaced by equation (1) to yield the X 41 3 B~~ 

dependence. The buoyancy-induced entrainment represented by this first term is 

assumed to increase only up until the final plume rise is reached. For X - > Xf, 

where X f  is the nondimensional distance to final rise, the first t e n  inside 

the brackets is assumed to be constant and evaluated at X = Xf. The second 

term inside the brackets is the square of the dispersion given by Lamb's 
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r e s u l t s  (equat ion 16a is  used f o r  the  second term i n  equat ion 21a and 

equat ion 16b f o r  t h e  second t e n  i n  equat ion 21b). For two-stack o p e r a t i o n ,  

t h e  sum of t h e  huoyancy f l u x e s  is used i n  equat ion (21). 

Measured and predic ted  va lues  of o /H a r e  i n  c l o s e  agreement, a s  shown 
Y m  

i n  Fig. 8. The s o l i d  l i n e s  a r e  t h e  average p r e d i c t i o n  curves (equat ion 21) 

f o r  t h e  d i f f e r e n t  cases  p l o t t e d  and d e v i a t e  from t h e  ind iv idua l  curves  (no t  

shown) by l e s s  than 5 percent.  Note t h a t  the  s o l i d  curves d i f f e r  from t h e  Lamb 

pred ic t ion  most s i g n i f i c a n t l y  For X < 1, t h e  region where plume r i s e  and buoy- 

ancy-induced entrainment occur. For t h e  c a s e s  shown, a  t y p i c a l  d i s t a n c e  t o  

f i n a l  plume r i s e  is Xi = 0.8. Only cases  meeting t h e  c r i t e r i a  of equat ion (18) 

a r e  used i n  t h i s  a n a l y s i s .  

Fig. 8 shows t h a t  the  s i n g l e  s t a c k  da ta  (Fig.  8 a )  tend t o  l i e  s l i g h t l y  

above t h e  s o l i d  curve ,  whereas t h e  two-stack d a t a  (Fiq.  8b)  tend t o  l i e  somewhat 

below it .  One poss ib le  explanat ion f o r  these  d i f f e r e n c e s  may be t h e  d i f f e r e n t  

wind d i r e c t i o n s  and su r face  hea t  t r a n s f e r  c h a r a c t e r i s t i c s  upwind of t h e  s t a c k s  

i n  t h e  two s i t u a t i o n s .  For the  s i n g l e  s t a c k  d a t a ,  t h e  wind came from t h e  

nor th  t o  nor th-nor theas t  and the  upwind f e t c h  was a  mixture of open f i e l d s  and 

t r e e s  where we would expect  s t r o n g  convect ive  a c t i v i t y  dur ing midday. Th i s  

convective f i e l d  would be t r anspor ted  some d i s t a n c e  a c r o s s  t h e  Potomac River 

before  t h e  coo le r  water su r face ,  wi th  i t s  reduced su r face  ( t o  a i r )  hea t  f l u x ,  

would diminish convective mixing. For the  two-stack c a s e s ,  t h e  wind came 

e i t h e r  from t h e  northwest  o r  southwest and t r aversed  a  cons ide rab le  s t r e t c h  of 

water upwind of t h e  p lan t .  I n  t h i s  s i t u a t i o n ,  we would expect  reduced convec- 

t i v e  a c t i v i t y  and a  smal le r  w* i n  t h e  a i r  approaching t h e  power p l a n t .  Th i s  

would l ead  t o  l e s s  l a t e r a l  meandering and the  smal le r  o found i n  Fig. 8b. 
Y 

The v e r t i c a l  plume s tandard dev ia t ion  followed the  p rpd ic t ion  of t h e  "two- 

t h i r d s  law" q u i t e  we l l  o u t  t o  t h e  f i n a l  r i s e  d i s t a n c e  (Fig.  7 ) .  For d i s t a n c e s  
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Lidar Date W i l e  van -="I0'- - 

Lidar - 
A m  

v 

"2D 

Datp - 
9/22 176 
9/23/76 
9/24 176 

Law" and 

Mobile van 

Fib~re 8.  Nondimensional crosswind standard deviation as a function of 
nondimensional downwind distance. Measurements compared to 
predictions using canbined "two-thirds law" and Lamb (1978b) 
anl Lamb's (1978b) numerical results. a) single stack cases; 
b) two-stack cases. (Measurements approximate u of hourly 
averaged plume. ) Y 
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beyond Xf , t h e  plume shou1.d behave a s  a  p a s s i v e  t r a c e r ,  d i f f u s i n g  acco rd ing  

t o  Lamb's r e s u l t s  and w i t h  a n  i n i t i ~ l  oZ (= a=,), g i v e n  by t h e  va lue  a t  X f .  

The l i n e a r  v e r t i c a l  sp read  wi th  d i s t a n c e  ( equa t ion  17a)  g iven  by Lamb is a  

good approximat ion  t o  h i s  numer ica l  r e s u l t s  f o r  s o u r c e  h e i g h t  r e l e a s e s  of  

0.25Hm and 0.50Hm. However, f o r  a  r e l e a s e  h e i g h t  of 0.75Hm and X > 0.15, 

Lamh's d e t a i l e d  r e s u l t s  show a  s lower  v a r i a t i o n  of  a, w i th  d i s t a n c e  

( a z  a x O * ~ ~ )  due t o  t h e  l o v e r  v e l o c i t i e s  i n  downdraf t s  a t  t h e  t o p  of  t h e  

mixing l a y e r .  T h i s  s lower  growth r e s u l t s  i n  a  30 pe rcen t  s m a l l e r  a, t han  

t h a t  g iven  hy e q u a t i o n  (17 )  a t  X = 213. 

From t h e  above d i s c u s s i o n ,  we propose a  s imple  t e n t a t i v e  formula f o r  

a, f o r  X > X,: 

where y = 0.77 and 1 f o r  e f f e c t i v e  s t a c k  h e i g h t s  above and below - 0.63Hm, 

r e s p e c t i v e l y .  (For  X < Xi ,  a, = BZEz.) Equat ion  (22)  should  hold  on ly  

u n t i l  t h e  plume becomes uni formly  d i s t r i h u t e r l  i n  t h e  mixing l a y e r .  The 

l i m i t i n g  a, f o r  a  s o u r c e  a t  h e i g h t  he,  i s  very  f a r  downstream, 

Lamb's approximate va lue  f o r  t h e  l i m i t i n g  o Z  (= 1/3Hm) o n l y  d i f f e r s  by 

15  pe rcen t  from t h a t  g iven  by e q u a t i o n  (23)  f o r  h e ' s  between 0.25Hm and 

0.75Hm. 

Only f i v e  d a t a  p o i n t s  were t aken  beyond t h e  f i n a l  r i s e  d i s t a n c e  f o r  

comparison t o  t h e  a, p r e d i c t i o n  g iven  by equa t ion  (22) .  These a r e  shown 

i n  Fig.  9 a l o n g  w i t h  o t h e r  a, measurements made d u r i n g  t h e  same t ime i n t e r -  

v a l  b u t  a t  d i s t a n c e s  l e s s  t han  X f .  P r e d i c t i o n s  g iven  by t h e  " two- th i rds  law" 
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- Lamb (1Q78b) (See Equation 17.) 

---- ?I3 Law" 

--- Lamb (l978b) Numerical 
Result: helHm = 0.75 

I 1 I I 
2.0 5.0 

- - - -I 213 Law" and Lamb ( 19781) 
" 

Figure 9. Nondimensional ver t ical  plume standard deviaticm as a function 
of nondimens ional dawnwind distance . Measurements canpared to  
predictions of "two-thirds lawq1 and Lamb (1978b). a) single 
stack cases, he/&,, = 0.70; b) two-stack cases, = 0.61. 
(Measurements approximate o, of hourly averaged plme . ) 
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and equation (21) are ehown out to Xf and beyond X f ,  respectively. The 

data are in rough agreement with these predictions. Equation (17) (solid 

curve in Fig. 9) shows more rapid spreading than the "two-thirds law" pre- 

diction and generally predicts higher 0,'s than were observed. Lamb's 

numerical result (dash - dot curve) for he/Hm = 0.75 agrees roughly with the 

single stack data (Fig. 9a) where h,/~, = 0.7. 

Two straightforward improvements in the a, prediction should be made. 

First, Lamb's oZ should be resolved into the contribution due to vertical 

displacement of the plume ceatroid and that due to dispersion about the cc.: 

troid. Only the latter contribution should he used in combination with the 

buoyant plume dispersion since vertical displacement of the buoyant plume 

centroid is treated separately by the rise formulas discussed earlier. (The 

data were not available in this study for the resolution of Lamb's aZ into 

the above mentioned components.) Second, vertical meandering of the plume 

centroid during plume rise shc*ild be considered as a possible additional 

contribution to aZ and treated as for a Al:,~ough this was not necessary 
Y 

in the present analysis (in view of the good correlation in Fig. 71, the pre- 

sent data were collected when w*/v was typically 0.25. For stronger convection 

where w*/v might be 0.5 or greater, vertical meandering would play a more 

significant role in the time-averaged aZ. 

Calculations of ground-level SO2 concentrations have been made using the 

Gaussian plume model with the above predicted a and a,. To compute the 
Y 

effective stack height, we used the lowest plume rise given by the three fol- 

lowing methods: the prediction of the "two-thirds law" at the measurement 

distance, the 1975 Rriggs plume rise formulas (equations 9, 10, and 111, or 

the height of a trapped plume (equation 13). Calculated concentrations are 

compared to measured SO2 values in Table 3. For the most part, the two are 

Martin Marietta Environmental Center 
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in good agreement." A summary of comparisons between measured and predicted 

a,,, a,, and SO2 concentrations is given in Table 4 (see "two-thirds law" 

and Lamb). Predictions based on free convection scaling and the "two-thirds 

law" agreed better with observations than those using empirical dispersion 

estimates (discussed below). 

0. Empirical Dispersion Estimates 

Measured plume dispersion and SO2 concentrations have also been com- 

pared to predicttons based on the Rrookhaven sigma curves using Weil's (1974) 

algorithm. The measured plume standard deviations are somewhat less than the 

Rrookhaven Rl class predictions shown in Fig. 10 (see also summary in Table 4 ) .  

Calculated ground-level concentrations using the Brookhaven dispersion esti- 

mates in the Gaussian rriodel exceeded the measurements, on the average, by a 

factor of 1.76 (geometric mean). This is attributed to measurements made at 

distances less than x,,,, the distance to maxiwm concentration. In four 

cases where x - 0.6 xmax (Table 3 j ,  the geometric mean af C~,,~/C,,,~ is 3.1 

while the geometric mean of cpred/cmeas for x > xmax is 0.99. Concentrations 

close to the stacks were predicted to be higher than the observed because the 

vertical plume dispersion is overestimated. 

Measured and calculated plume dispersions based on the Pasquill, Gif- 

ford, Turner (PGT) approach are compared in Fig. 11 for measurements falling 

in the neutral (Pasquill 0) stability class. The PGT approach was tried both 

with the stability class selected for the prevailing meteorological conditions, 

and also with the next more unstable class. The U predictions are in fair 
Y 

* Predicted concentrations are within a factor of 2 of the n1easuremen:s. 

IV-11 Martin Marietta Environmental Center 



0 Lidar 
o Mobile van 

Brookhaven S1 / 

Figure 10. bkasured plume standard deviations as a function of distance 
compared t o  predictions of Brookhaven B 1  s tab i l i ty  class ; 
s tab i l i ty  class selected using Weil (1974) algorithm. 
a) crosswind standard deviation; b) ver t icai  standard deviation. 
(Measurements apprcximate o and o, of hourly averaged plume.) 

Y 
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Pasquill D 

/ 
0 

0 
0 

0 Pasquill D 

I I - 

Measured plume stanlard deviations as a function of distance 
campared to predictions of Pasquill-Gifford C a d  D sigma curves. 
A l l  measurements correspond to neutral (D class) stability as 
determined by Turner (1964) approach. a) crosswind standard 
deviation; b) vertical s tcndard deviation. (hkasurenents 
spproximate 0 and o, of 10-minute averaged plume.) 

Y 
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agreement with the measurements, being somewhat better for the Pasquill D 

class curve (see Tahle 4). However, measured uZts are about a factor of 3 

higher than the class D predictions and even somewhat higher than the class C 

curve. The underestimated aZts result in overestinates of the distance 

xnax and explain why predicted  round-level concentrations using the PGT 

approach in the Caussian model underestimate measured concentrations close 

to the stacks (x < x~,), as shown in Tahle 3 (Pasquill stability class 

dropped by one). Predicted concentrations using the unmodified PGT approach 

(no shi-ft in stability class) generally were several orders of magnitude 

less than measured values and are not shown in Table 3. 

The results found here usinq the empirical diepersion estimates are 

generally consistent with those found in earlier studies of stack plume 

dispersion at Maryland power plants (Weil, 1974, 1977). Further discussion 

of reascns fcr differences between the measurements and predictions is given 

by Weil (1978). 
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V. CONCLUSIONS 

Lidar measurements of the rise and growth of plumes from the Morgantown 

power plant staCks were used to assess plume rise and dispersion models. 

The following conclusions were drawn: 

1. Plume-borne aerosols were found to be good tracers of stack-emitted 
SO2. The shape and width of the aerosol profiles obtained by lidar 
were similar to SO, profiles obtained with a Barringer correlation 
spectrometer in a mobile van. 

2. The ohserved initial plume rise with two stacks operating showed a 
rise enhancement relative to observed rise with only one stack opera- 
 tin^. Observed rise with two stacks operatinq was close, on the 
average, to predictions given hv the "two-thirds law" using the sum 
of the huovancv fluxes from the two stacks. Initial observed rise 
with one stack operating agreed well with predictions of the "two- 
thirds law." 

3. Tbe instantaneous crosswind and vertical dispersions and the time- 
averaged, vertical dispersion during initial rise of the buoyant 
plume were linearly proportional to rise as given by the "two-thirds 
law", hut the proportionalitv constants were different for the single 
and two-stack plume observations. A si~nificant feature of these 
measurements is that they extended almost 5 km downwind of the stacks. 

4. Brig~s' (1975) formulas for turbulence-limited final rise in neutral 
or convective conditions agreed well with measurements of turbulence- 
limited final rise and with all measured maximum plume rises. The 
lowest predicted final rise from three formulas, one for neutral con- 
ditions iequat ion 91, and two for convec~ive situations (equations 10 
and 11). was chosen as the best estimate of final rise; the conclusion 
given here is based on the comparison between the lowest predicted 
rise and the observed rise in each case. 

5. Rriggs' (1970) model for final rise in neutral conditions consistently 
underestimated measurements of turbulence-limited final rise and all 
measure' maximum plume rises. The lower of the rise predictions from 
Bri~gs' original formulation (equations 3 and 4) and Weil's (1974) 
modification to it (equations 3 and 7) was chosen as the best estimate 
of a final rise. Brlggs' original formulation gave a lower estimate 
of final rise in all cases. 

6. A combination of the dispersion predictions from the "two-thirds law" 
and Lamb's (1978h) results for diffusion of neutrally buoyant particles 
in convective mtxing layers yielded dispersion estimates that agreed 
well with observations. Ground-level SO2 concentrations predicted 
using the Gaussian model and the above procedure for computing n td 
a, were equal, on the average, to observed SO2 concentraticns: . , 

geometric standard deviation of the ratio of predicted-ro mea?:rrcd 
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concentration was 1.9. Dispersion predictions using the "two-thirds 
law" and Lamb's results also agreed berter with observations than 
estimates given by the Brookhavcn-Well (1974) or the Pasquill, Cifford, 
Turner (1964) methods. 
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APPENDIX A 

Data Used In Analysis 

Nmerclature for Tables A 1  - A6 

A. Lidar Backscatter ard SO2 Profile Results (Tables A 1  andA4) 

RUN = an identification code for each se t  of l idar  (or SO ) profiles 
and associated meteorological and power plant condikons 

START TINE = time a t  which repeated l idar  scans or mobile van traverses 
began for a particular cross section; f i r s t  two d ig i t s  are  the 
hour, l a s t  two dig i t s  are  minutes a f t e r  the hour 

END TIME = time a t  which repeated scans or van traverses ended for 
a cross section 

x = radial distance from parer plant to  the centroid of the average 
scattering r a t i o  (SR) l idar distr ibution or the average cross- 
wind  SO profile;  average profile coinputed frail N repeated scans 
or travgrses (m) 

;: = height of centroid of average l idar  SR distribution ai . the 
stack (m) 

a = crosswind standard deviation computed from average l idar  SR 
J i s t r ibu t  ion or average crosswid SO2 profile (m) 

a = vertical  standard deviation cmputed from average l idar  SR 
distribution (m) 

<a > = average of N individual crosswind standard deviations from 
repeated l idar scans or repeated SO2 profiles a t  a cross 
section (m) 

<o,> = average of N individual vertical  standard deviations from 
repeated l idar scans a t  a cross section (m) 

N = number of l idar scans or !302 profiles i n  a s e t  of repeated 
measurm.ents a t  a cross section 

A11 = angular bearing of centroid of average crosswind SO2 profile;  
angle measured clockwise from grid north (deg) 

c2 = maximum SO ground-level concentration from average crosswind 
SO2 p-of i ie  (ppb) 

stdZ = standard deviation in SO2 concentration about c2 (ppb) 

c = average of irdividual maximum SO ground-level concentrations 
from N repeated crosswind p o f i f e s  a t  a cross section (ppb) 

stdl = standard deviation i.n SO2 concentration about cl (ppb) 
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B. Power Plant Operating Conditions (Tables A2 and AS) 

Q1, Q2 = SO2 mission ;-ate for stack 1 and stack 2, respectively, 
computed frum fuel consumption and fuel analysis (compo- 
si t ion) data (kg/sec) 

F F = buoyancy flux from stack 1 and 2, res  ectively, Briggs 6 (1970) definition of buoyancy flux (m /sec3) . 

C. Meteorologic11 Conditions (Tables A3 and A6) 

v = average w i d  speed i n  mixing layer (m/sec) 

ZETA = average w i d  direction i n  mixing layer; direction from which 
wind blows; direction measured clockwise fran grid north (deg) 

T1 = average ambient temperature a t  surface (OC) 

IYI'DZ = average potential temperature gradient between stack top and 
top of mixing layer (OC/n) 

Hm = depth of mixing layer (m) 

2 QR = solar insolation (cal/cm /hr) 

HR = hour a t  which surface meteorological observations were obtained 
from airport  weather data 

CLC = cloud cover in  tenths fran airport  weather data 

CEL - ceiling height; unlimited ceiling height given by 999 (hundreds 
of feet) 

VS = surface wind speed a t  airport (m/sec) 

Martin Marietta Environmental Center 
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Table 'A3 . ?Jlant conditions for lidar data 

Day Month -r- --- Year 
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Table A6. Plant conditions for mobile van data 

Year Run 
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APPENDIX B 

Ccmpartson Between Crosswind Profiles of 

by 

Scattering Ratio and SO2 

Jonathan L. Altman 

One of the objectives of this study was to evaluate the usefulness of the 

lidar for inferring SO2 distributions in buovant stack plumes. The first 

step in such an evaluation is to compare data obtained with the lidar to similar 

data obtained by some other method. We have chosen to use the vertically 

integrated SO2 distribution in the plane measured by a Rarringer correlation 

spectrometer (COSPEC) for the comparison. Ve have routinely used that instru- 

ment in the past to obtain information about the SO2 distribution of the 

elevated plume. The lidar tackscatter data can be processed to give the ver- 

ticallv integrated scattering ratio in sections through the plume. As discussed 

in the footnote on page 11-3, the scattering ratio is a measrxe of the relative 

particulate mass concentrations in the plume. . 
In making t\e comparison between these two sets of data, two basic assump- 

tions were made. Wrst, we assumed that the settling velocities of the particles 

in the plume were small enough that the particulates were dispersed in the 

same way as a gas. Second, we assumed that the proportion of suspended par- 

ticulates to SO2 gas in the stack effluent was constant during the time 

required for one set of lidar and COSPEC measurements. Both these assumptions 

require close scrutiny in the light of the results of the comparison. 

The lidar and COSPEC measurements were compared for five sets of simul- 

taneously taken data. Dates and configurations under which these data sets 

were taken are given in the first four cclumns of Table R1 and in the maps of 

Figures R1 to B4. Since a single crosswind profile takes longer to obtain 
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with the COSPEC than with the lidar, because of the van's travel time, we have 

made no attempt to directly compare individual cro::swind profiles; instead, an 

averaged profile for the time periods inaicated was calculated. The results 

were then compared on the basis of (1) the shapes and widths of the profiles 

(qua14 tat ive compart son), (2) the crosswind standard deviations (a ) (quant i- 
Y 

tative comparison), and (3) locations of the centroid of the vertically inte- 

mated concentration distributions. 

The Zidar data were initially analyzed to give the vertically integrated 

scattering ratio as a function of distance along the lidar line of sight for 

each lidar scan. The distance along this line was then divided into 200-meter 

segments, and the integrated scattering ratios falling within each segment 

were summed. The sums for a given segment from each of the individual profiles 

within a given time period were then averaged, and each of the averages was 

divided hy the maximum averaEe value obtained For all the segments. Thus, an 

average profile normalized to unity at its peak was obtained for the appropriate 

time interval. Since the scattering ratio is proportional to the concentration 

of aerosols, the normalized profile just described is effectively a normalized 

concentration profile of aerosols. This profile was com, -ed uith a similarly - 

normalized averaged COSPEC concentration profile of SO2 ov the same run. 

The standard deviations of each of the segmental averages were also computed 

and were normalized by the average scattering ratio for the approprizte segment. 

The vertically integrated SOg concentration, or SO2 burden, obtaived by 

the COSPEC was analyzed similarly to the lidar data. For each individaal SO2 

profile, the SO2 burden was summed within the same crosswind segments used 

for computing the scattering ratio "sums". Fig. 01 illustrates this geometry. 

Normalized averages and st dard deviations of the SO2 burden "sums" were then 

computed for each crosswind segment hy the same method used for the computation 
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of t h e  l i d a r  p r o f i l e s .  P l o t s  of t h e s e  normalized average "sums" and t h e i r  

s t andard  d e v i a t t o n s  f o r  both t h e  l i d a r  and COSPEC measurements are shown i n  

Pigs.  55 through R9. 

A v i s u a l  comparison of t h e  p r o f i l e s  i n  Figs. 85 through R9 r e v e a l s  f a i r  

o v e r a l l  agreement. The most obvious d i f f e r e n c e s  between t h e  l i d a r  and COSPEC 

p r o f i l e s  seem t o  he t h e i r  r e l a t i v e  displacement r a t h e r  than any g r e a t  d i f f e r -  

ences  i n  shape (with t h e  except ion of  Fig. RC). The b e s t  agreement was obtained 

f o r  t h e  two p r o f i l e s  on 22 September. 

Table B1 summarizes s e v e r a l  parameters which g ive  a  q u a n t i t a t i v e  measure 

of the  crosswind d i s p e r s i o n ,  a s  w e l l  a s  t h e  v a r i a b i l i t y  of  t h e  plume p o s i t i o n  

dur ing  t h e  measurement time. We found t h a t ,  i n  every  case  a~ of t h e  Lndi- 

v idua l  COSPEC p r o f i l e s  was g r e a t e r  than t h a t  f o r  t h e  l i d a r  p r o f i l e .  Th i s  
# 

was a l s o  t r u e  i n  a l l  hut  one case  (25 Sept.; 1524-1609) f o r  t h e  0 of t h e  
Y 

averaged p r o f i l e .  The d i f f e r e n c e  may he r e l a t e d  t o  t h e  d i f f e r e n c e  i n  sampling 

t ime f o r  t h e  two instraments.  The t y p i c a l  time required f o r  a  l i d a r  scan is  

1 minute, whi le  t h e  van c a r r y i n g  t h e  COSPEC r e q u i r e s  3 t o  5 minutes t o  complete 

a  s i n g l e  nass  under t h e  plume. 

The v a r t a t i o n  of the  plume p o s i t i o n  is  expressed i n  columns seven and 

e i g h t  of Table B1 a s  t n e  s tandard dev ia t ion  i n  both degrees  and meters of the  

crosswind posit in:  ,F t h e  c e n t r o i d s  of  the  Ind iv idua l  p r o f i l e s .  These values  

were c a l c u l a t e d  bv t ak ing  t h e  second moment of t h e  an,gular p o s i t i o n  of the  

i n d i v i d u a l  c e n t r o i d s  about the  mean cen t ro id  pos i t ion .  The l i d a r  and COSPEC 

d a t a  show a marked disagreement i n  c a l c u l a t i o n s  of t h i s  parameter; however, 

t h e  d i f f e r e n c e  i s  not  c o n s i s t e n t  a s  it was f o r  t h e  a computations. It 
Y 

ould be noted,  however, t h a t  the  two s e t s  of d a t a  taken by t h e  same method 

on t h e  same dav a r e  cons i s t en t .  Thus, both s e t s  of COSPEC measurements on 

23 Seotember show a  l e s s  v a r i a b l e  plume than do t h e  l i d a r ,  whi le  the  reverse  
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is true on 22 September. A closer examination of individual lidar profiles on 

the afternoon of 23 September revealed a fairly large variation in the scatter- 

ing ratio profiles both horizontally and vertically. In addition, the wind 

profiles From that time period showed relatively large wind direction shear 

( - 0.03S0/m). 
Although our data were not sufficiently detailed to indicate with any 

certainty the reasons for the differences between the lidar and the COSPEC 

measurements, there are several likely causes. He feel that the most impo~tant 

reason for the discrepancies is the difference in cross-section sampling time 

for the lidar and the COSPEC. In most cases, COSPEC profiles would be expected 

to he somewhat wider than the lidar profiles because of the wandering of the 

plume during the longer measurement time. This wandering would also affect 

the measures of plume variation ((I and plume centroid location) and depends 
Y 

on the time scale of the largest atmospheric eddies. Thus, the effects of 

time differences during cross-section sampling vary with the meteorological 

conditions (ambient turbulence time scale). Another factor which may have 

caused a difference between the lidar and COSPEC measurements is the possibility 

that the ~ronortion of aerosol to SO2 in the plumes was not always constant. 

Rased on visual observations and the stack test data, we suspect that the 

stack particulate flux over short time intervals (several minutes) varied much 

more than the stack SO2 flux. Constant stack fluxes of SO2 and particulates 

during the measurements would be highly desirable in any future work. 
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Figure B-1. Plan view of plume and measurement geometry. 
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Sept. 22, 1976 

- - - - -  SO2, Mobile Van 1557 - i638 - Scattering Ratio, Lidar 1558 - 1619 1 

D ISTANCE FROM LI DAR (rn) 

Figure J - 5. Normalized average concent rat ions and standard deviations by 
crosswind segment. 
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Sept 22, 1976 Time ----- SO2, Wile Van 1645 - 1736 - Scatterinq Ratio, Lidar 1629 - 1749 

DISTANCE FROM LIDAR (m) 
Figure B- 6.  Normalizt J average concentratj ons and standard deviations by 

crosswind segment. 
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r- M. 28. 1976 Time 
- - - - - SO,. Mobile Van 1607 - 1642 

L 

*inq Ratio, Liiar 16Wj - 1632 
x -M10m 

DISTANCE FROM L I  DAR (in) 
Figure B- 9. Normalized average concentrat ions and standard deviations by 

crosswind segment. 
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